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Abstract 

The  fabrication  and  performance  evaluation  of  miniature  fuel  cells  on  silicon  wafers  are  presented  in  this  paper.  The  miniature  fuel  cells 
consisted  of  a  membrane-electrode-assembly  (MEA)  between  two  silicon  substrates.  The  feed  holes  and  channels  in  the  silicon  wafers, 
acting  as  a  fuel  distributor,  were  prepared  by  anisotropic  silicon  etching  from  the  back  and  front  of  the  wafer  using  silicon  dioxide  as 
an  etching  mask.  In  an  attempt  to  reduce  the  cell  resistance  and  consequently  improving  cell  performance  of  the  miniature  silicon  wafer 
fuel  cell,  a  Cu/Au  composite  layer  was  sputtered  on  the  top  of  silicon  wafers  as  a  current  collector.  Testing  results  show  that  (i)  the  cell 
performance  was  improved  by  increasing  the  thickness  of  the  composite  layer  on  the  silicon  wafer,  and  (ii)  the  miniature  silicon  wafer  fuel 
cell  with  smaller  size  channels  gave  a  better  performance  at  the  diffusion-limiting  current  region. 
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1.  Introduction 

Proton  exchange  membrane  (PEM)  fuel  cells  have  been 
considered  to  be  a  promising  technology  for  renewable  en¬ 
ergy  systems  such  as  an  alternative  battery  for  stationary  and 
portable  applications  [1-6].  Conventional  proton  exchange 
membrane  fuel  cell  designs  have  been  based  on  the  structure 
that  uses  machined  or  pressure-moulded  plates  as  the  current 
collector  and  fuel  distributor  [7].  These  plates  are  usually 
made  of  graphite,  carbon-polymer  composites  or  metals  that 
are  rather  bulky  in  size  [8].  In  the  past  several  years,  much 
attention  has  been  given  to  the  use  of  micro-electronic  fabri¬ 
cation  technology  for  the  fabrication  of  miniature  fuel  cells 
using  silicon  wafers  as  the  polar  plate  of  fuel  cells  [9-14]. 
The  advantages  of  micro-electronic  fabrication  technology 
include  fine  feature  resolution,  high  repeatability,  batch  oper¬ 
ation,  integrated  process  sequences,  and  a  variety  of  material 
transfer  options  [14,15].  For  application  as  a  micro-power 
source,  miniature  fuel  cells  must  have  small  volumes  and 
small  mass  and  their  performance  should  approach  or  ex¬ 
ceed  that  of  large  systems  in  order  to  be  competitive.  It  has 
been  reported  that  the  cell  performance  of  these  miniature 
fuel  cells  using  silicon  wafer  as  a  current  collector  is  lower 
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than  those  of  conventional  fuel  cells  [9-14].  In  a  recent  pa¬ 
per,  Meyers  and  Maynard  [10]  suggested  that  the  high  cell 
resistance  may  be  one  of  the  major  reasons  for  the  low  cell 
performance  of  these  minature  fuel  cells.  Therefore,  much 
effort  is  needed  to  reduce  the  cell  resistance  in  order  to  im¬ 
prove  the  performance  of  miniature  fuel  cells. 

The  objective  of  this  paper  is  to  fabricate  miniature  sili¬ 
con  wafer  fuel  cells  using  a  Cu/Au  composite  layer  as  the 
current  collector  to  reduce  cell  resistance,  and  consequently 
improving  its  cell  performance.  Effects  of  the  Cu/Au  com¬ 
posite  layer  thickness  on  the  cell  performance  and  resistance 
were  evaluated  in  a  single  cell  test  fixture.  A  comparison  of 
performance  between  the  miniature  silicon  wafer  fuel  cell 
with  smaller  size  channels  and  a  standard  fuel  cell  (using  the 
same  membrane-electrode-assembly,  MEA)  with  graphite 
polar  plates  having  larger  size  channels  is  also  presented. 

2.  Experimental 

2.1.  Fabrication  of  miniature  fuel  cells  on  silicon  wafer 

In  this  section,  we  describe  the  fabrication  of  a  miniature 
fuel  cell  using  a  silicon  wafer  as  the  polar  plate,  which  was 
made  by  micro-fabrication  techniques.  The  silicon  wafer  was 
prepared  following  a  series  of  micro-electronic  fabrication 
steps  similar  to  those  discussed  by  Kelley  et  al.  [11,12], 


0378-7753/$  -  see  front  matter  ©  2003  Elsevier  Science  B.V.  All  rights  reserved. 
doi:10.1016/S0378-7753(03)00618-9 


J.  Yu  et  al./ Journal  of  Power  Sources  124  (2003)  40-46 


41 


Sim  et  al.  [13]  and  Madou  [15].  The  original  material  was 
a  525  ±  25  pum-thick  p-type  (100)  silicon  wafer  with  resis¬ 
tivity  ranging  from  15  to  25  f2  cm.  The  first  step  was  to  de¬ 
posit  silicon  dioxide  layer  on  the  wafer  for  Si  etching  mask. 
To  make  feed  holes,  the  silicon  dioxide  on  the  back-side 
of  the  wafer  was  patterned  by  photolithography.  Dry  etch¬ 
ing  was  first  applied  on  silicon  dioxide  of  the  back-side 
wafer,  and  then  the  exposed  surface  of  silicon  was  etched 
with  tetra-methylammonium  hydroxide  (TMAH)  solution  at 
about  90  °C.  To  align  the  micro-channels  with  feed  holes,  a 
photolithography  machine  with  infrared  ray  was  employed. 
The  silicon  dioxide  on  the  front-side  of  the  wafer  was  pat¬ 
terned,  and  the  front-side  wafer  was  etched  using  the  same 
processes  mentioned  above  to  fabricate  the  channels.  Subse¬ 
quently,  silicon  dioxide  was  deposited  on  the  entire  surface 
of  the  silicon  wafer  again.  This  step  was  to  ensure  that  no 
fresh  silicon  surface  was  exposed  in  the  channels  and  holes 
so  that  the  metal  layer  would  be  bonded  well  in  contact  with 
the  silicon  wafer.  Finally,  a  layer  of  Au  or  Cu/Au  (acting 
as  a  current  collector)  was  sputtered  on  the  front-side  of  the 
silicon  wafer  with  titanium/tungsten  layer  as  adhesive. 

The  membrane-electrode-assembly  components  used  in 
this  system  are  similar  to  those  typically  used  in  proton  ex¬ 
change  membrane  fuel  cells  [16,17].  The  pre-treatment  of 
Nafion  membranes  was  performed  by  the  following  four  se¬ 
quential  boiling  steps:  in  3%  H2O2  solution,  in  deionized 
water,  in  0.5  M  H2SO4  solution,  and  in  deionized  water, 
each  of  the  above  step  lasted  for  1  h.  Twenty  percent  Pt/C 
catalyst,  carbon  paper,  PTFE  suspension,  and  a  Nafion  so¬ 
lution  (Aldrich,  5  wt.%  in  15-20%  water/low  aliphatic  al¬ 
cohol)  were  used  for  electrode  preparation.  The  catalyst 
layer  (Pt  loading  of  0.4  mg/cm2)  of  the  electrodes  was  im¬ 
pregnated  with  the  Nafion  solution  with  dry  Nafion  load¬ 
ing  of  1.0  mg/cm2.  Two  electrodes  with  effective  area  of 
5  cm2  (22.5  mm  x  22.5  mm)  were  hot-pressed  to  one  piece 
of  Nafionll2  membrane  at  135  °C  and  10  MPa  to  form  the 
membrane-electrode-assembly  (MEA).  Four  MEAs  with  the 
same  structure  were  used  in  this  experiment.  Then,  it  was 
clamped  mechanically  onto  a  glass  cell  for  performance  eval¬ 
uation.  A  schematic  diagram  on  the  structure  of  the  minia¬ 
ture  fuel  cell  is  shown  in  Fig.  1.  It  should  be  noted  that  the 
current  generated  by  the  MEA  is  conducted  from  the  two 
lateral  electrical  contact  pads,  shown  as  components  4  and 
8  in  Fig.  1 .  The  miniature  twin-fuel-cell  was  installed  in  an 
Arbin  fuel  cell  test  station. 

2.2.  Cell  performance  evaluation 

To  evaluate  cell  performance,  pure  hydrogen  and  oxygen 
without  any  humidification  were  used  as  fuel  and  oxidant 
under  atmospheric  pressure.  The  fuel  cell  was  operated  at 
the  room  temperature  of  25  °C.  The  flow  rates  of  FF  and 
O2  were  controlled  both  at  50.0ml/min.  Before  collecting 
data,  the  cell  was  allowed  to  equilibrate  for  48  h  at  a  current 
density  of  100mA/cm2.  The  discharge  of  the  fuel  cell  was 
controlled  with  an  electric  load  system  (BT2000,  Arbin  In- 
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Fig.  1.  Schematic  diagram  of  the  structure  of  the  miniature  fuel  cell.  (1) 
Tighten  holes;  (2,  10)  end  plates;  (3,  5,  7,  9)  seal  gaskets;  (4,  8)  silicon 
wafers;  (6)  membrane-electrode-assembly. 

strument  Inc.).  To  measure  the  cell  resistance,  the  response 
of  the  cell  voltage  was  continuously  monitored  and  recorded 
when  the  fuel  cell  was  applied  with  a  discharge  current  pulse 
of  fast  drop  time.  The  software  of  BT  2000  automatically 
calculated  the  differential  resistance  approximately  accord¬ 
ing  to  a  cell  voltage  change  (A E)  divided  by  a  current  change 
(A;)  during  the  fast  drop  time. 

3.  Results  and  discussion 

Cross-sectional  SEM  micrographs  of  the  various  thick¬ 
ness  of  the  current  collector  on  the  top  of  silicon  wafer  are 
presented  in  Fig.  2a-c,  respectively.  As  shown  in  these  fig¬ 
ures,  the  thicknesses  and  materials  of  the  current  collectors 
were:  (a)  0.5  (xm  Au,  (b)  1.4  |xm  Cu  and  0.2  p.m  Au,  (c) 
1.5  pun  Cu  and  0.9  pun  Au,  respectively.  The  cells  fabricated 
with  above-mentioned  silicon  wafers  are  denoted  as  Cells 
#1-3  in  Table  1,  which  had  the  same  polar  plate  material, 
the  same  channel  shape  and  dimension,  the  same  MEA,  the 
same  cell  active  area  except  that  the  material  and  thickness 
of  the  composite  layer  were  different.  Fig.  3  presents  the 
cell  potential  versus  current  density  characteristics  of  Cells 
#1-3  operating  at  25 °C  and  O.lO/O.lOMPa  of  dry  H2/02. 
The  shape  of  potential  versus  current  density  curve  is  typi¬ 
cal  for  a  PEM  fuel  cell.  The  initial  drop  of  the  polarization 
curve  at  very  low  current  density  was  due  to  an  electro¬ 
chemical  activating  process,  which  was  caused  by  the  slug¬ 
gish  kinetics  of  oxygen  reduction  at  the  cathode  surface. 
The  subsequent  linear  decrease  of  the  polarization  curve  was 
due  to  ohmic  over-potential,  which  was  attributed  to  the  ion 
flow  through  the  electrolyte  membrane,  the  electron  flow 
through  the  electrode  materials  and  current  collector.  The 
voltage  drop  at  high  current  density  was  due  to  the  mass 
transport  limitations  occurring  in  the  electrodes  and  in  the 
membrane.  As  shown  in  Fig.  3,  the  thickness  of  current  col¬ 
lector  on  the  top  of  silicon  wafer  plays  an  important  role  in 
cell  performance.  The  thicker  the  current  collector,  the  bet¬ 
ter  is  the  cell  performance.  For  example,  at  0.4  V  (the  low 
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Fig.  2.  Cross-sectional  SEM  micrographs  of  various  thickness  of  current 
collector  on  the  top  of  silicon  wafer,  (a)  0.5  pun  Au;  (b)  1.4  pm  Cu  and 
0.2  pm  Au;  (c)  1.5  pm  Cu  and  0.9  pm  Au. 


voltage  of  the  polarization  curves)  the  current  densities  of 
Cells  #1-3  were  270,  385  and  480mA/cm2,  respectively. 
This  improvement  in  cell  performance  was  because  the  cell 
resistance  was  reduced  by  increasing  the  current  collector 
thickness,  which  is  revealed  by  the  resistance  curves  mea¬ 
sured  during  acquisition  of  the  polarization  curves  (Fig.  3). 
The  ‘'///-corrected”  polarization  curves  can  be  obtained  by 
adding  the  ohmic  losses  across  the  current  collector  to  the 
cell  potential  curves  in  Fig.  3.  Such  “///-corrected”  polariza¬ 
tion  curves  for  the  Cells  #1-3  are  presented  in  Fig.  4.  It  is 
shown  that  performance  of  the  three  cells  is  almost  the  same 
after  the  differences  in  current  collector  resistance  are  ac¬ 
counted  for.  In  the  present  miniature  silicon  wafer  fuel  cells, 
current  generated  by  the  MEA  was  conducted  from  the  lat¬ 
eral  electrical  contact  pads  to  the  outside  circuit.  Therefore, 
the  process  of  increasing  the  current  collector  thickness  will 
increase  the  area  of  conductor,  which  decreases  the  cell  re¬ 
sistance  and  consequently  improving  the  cell  performance. 
This  improved  performance  by  increasing  the  thickness  of 
the  current  collector  can  also  be  seen  from  the  power  density 
versus  current  density  curves  presented  in  Fig.  5.  It  can  be 
seen  from  this  figure  that  the  peak  power  density  of  the  Cells 
#1-3  were  107.3  (at  260mA/cm2),  155.3  (at  380mA/cm2) 
and  194.3  mW/cm2  (at  450mA/cm2),  respectively. 

To  the  best  of  our  knowledge,  the  idea  of  sputtering  a 
Cu/Au  composite  layer  on  the  top  of  the  silicon  wafer  acting 
as  a  current  collector  has  not  been  done  before.  There  are 
three  reasons  for  choosing  Cu/Au  composite  material  as  the 
current  collector.  Firstly,  using  Cu  instead  of  Au  will  reduce 
the  production  cost.  Secondly,  the  use  of  Cu  can  overcome 
some  problems  caused  by  micro-fabrication  technology. 
For  example,  the  Au  layer  is  easily  to  be  peeled  off  from 
the  silicon  wafer  when  its  thickness  exceeds  0.5  pm.  This 
can  be  seen  from  Fig.  2a,  where  the  Au  layer  is  obviously 
separated  from  the  silicon  wafer.  Finally,  the  resistivity 
of  Cu  (1.673  p£2  cm  at  20  °C)  is  lower  than  that  of  Au 
(2.350  p^  cm  at  20  °C)  [18]. 

We  now  turn  our  attention  to  the  comparison  of  experi¬ 
mental  results  of  the  miniature  silicon  wafer  fuel  cell  (Cell 
#3)  with  those  of  Electrochem.  Inc.,  fuel  cell  (denoted  as  Cell 
#4  in  Table  1),  which  has  been  commonly  used  to  evaluate 


Table  1 

Characteristics  of  cells  tested 

Cell  #1  Cell  #2  Cell  #3  Cell  #4 


Polar  plate  material 
Thickness  of  current 
collector 

Channel  arrangement 
Channel  shape  and 
cross-section  area 

Components  of  MEA 


Cell  active  area 

Cell  operating  conditions 


Au  on  silicon  wafer  Cu/Au  on  silicon  wafer  Cu/Au  on  silicon  wafer  Graphite 

0.5  |xm  Au  1.4  pm  Cu  &  0.2  |xm  Au  1.5  (jum  Cu  &  0.9  pm  Au 

Three-pass  serpentine 

Trapezoid  (top  width:bottom  widthiheight  =  409.2:107.8:207.7  p,m) 

0.0537  mm2 

Anode:  carbon  paper  as  diffuser,  0.4  mg  Pt/cm2  at  catalyst  layer 
Electrolyte:  Nafionll2  membrane 
Cathode:  the  same  as  the  anode 

5  cm2  (22.5  mm  x  22.5  mm) 

Cell  temperature  at  25  °C,  dry  H2/O2  gas  pressure  at  0.10/0. 10  MPa,  gas  flow  rate  of  H2/O2  at  50/50  ml/min 


Square  (width: height 
=  0.7:0.7  mm),  0.49  mm2 
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Fig.  3.  Polarization  and  resistance  curves  of  Cells  #1-3,  respectively:  cell  temperature  at  25  °C,  dry  H2/O2  gas  pressure  at  0.10/0. 10  MPa,  gas  flow  rate 
of  H2/O2  at  50/50  ml/min. 


cell  performance  in  the  published  literature  [19].  As  shown 
in  Table  1,  Cells  #3  and  #4  had  the  same  MEA,  the  same 
cell  active  area  and  the  same  three-pass  serpentine.  The 
only  differences  were  the  shape  and  the  size  of  the  chan¬ 
nels  and  the  materials  used  as  the  polar  plate.  Cell  #3  had 
a  cross-sectional  area  of  0.0537  mm2  while  Cell  #4  had  a 
cross-sectional  area  of  0.49  mm2.  Thus,  the  channel  size  of 
Cell  #3  is  therefore  1/9  of  that  of  Cell  #4. 

A  comparison  of  polarization  and  cell  resistance  of  Cells 
#3  and  #4  is  shown  in  Figs.  6  and  7,  respectively.  Fig.  6 
shows  that  the  performance  of  Cell  #3  is  similar  to  those  of 
Cell  #4  at  the  low  and  intermediate  current  densities.  The 
performance  of  Cell  #3  is  much  higher  than  that  of  Cell  #4  at 
high  current  densities.  Fig.  6  also  shows  that  the  resistance 


of  Cell  #3  is  slightly  higher  than  that  of  Cell  #4  over  the 
whole  range  of  current  density,  with  the  difference  ranging 
from  0.07  to  0.10  £2  cm2.  As  can  be  clearly  seen  in  Fig.  7, 
the  polarization  of  Cell  #3  with  smaller  size  channels  on  sil¬ 
icon  wafers  maintains  its  linear  variation  up  to  500  mA/cm2, 
while  the  polarization  of  Cell  #4  with  graphite  plates  having 
larger  size  channels  departs  greatly  from  the  linear  behavior 
when  the  current  density  is  greater  than  300  mA/cm2.  This 
drop  from  linearity  can  be  attributed  to  the  concentration 
over-potential.  In  this  region,  the  potential  loss  is  mainly 
due  to  mass  transport  limitations  [20].  The  concentration 
over-potential  will  happen  when  the  chemical  reaction  is 
limited  by  the  rate  at  which  the  reactants  can  be  supplied. 
The  lack  of  reactants  will  slow  down  the  electrochemical 


Fig.  4.  /^-corrected  performance  curves  of  Cells  #1-3,  respectively:  the  operating  conditions  of  the  cells  are  the  same  as  those  in  Fig.  3. 
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Fig.  5.  Power  density  vs.  current  density  curves  of  Cells  #1-3,  respectively:  the  operating  conditions  of  the  cells  are  the  same  as  those  in  Fig.  3. 


reaction,  leading  to  a  decrease  in  cell  potential.  It  is  well 
known  that  current  density  is  directly  proportional  to  the  re¬ 
action  rate.  At  high  current  density,  the  mass  transport  of 
reactants  and  products  of  the  electrochemical  reaction  be¬ 
comes  the  dominant  limitation  to  cell  potential.  This  can  be 
explained  by  considering  the  electrochemical  reaction  at  the 
cathode: 

2H+  +  io2  +  2e"  =  H20  (1) 

where  the  mass  transport  process  of  reactant  proton  depends 
on  the  membrane  thickness  while  the  removal  of  water  de¬ 
pends  on  the  structure  of  the  electrode  under  the  same  gas 
flow  rate  of  the  cells.  It  is  shown  from  Fig.  7  that  there  is  no 
mass  transport  limitation  occurring  in  Cell  #3.  Since  Cells 


#3  and  #4  have  the  same  MEA  structure  and  cell  operating 
conditions,  the  proton  transport  and  the  water  removal  rate 
have  no  effect  on  the  drop  of  cell  potential.  Thus,  the  drop  in 
potential  cell  in  Cell  #4  must  be  originated  from  the  oxygen 
transport  process  due  to  its  slower  velocity  in  the  channel. 
This  is  apparent  because  the  flow  rate  of  reactant  was  the 
same  at  50  ml/min  in  both  cells  but  the  channel  size  of  Cell 
#3  is  1/9  of  that  of  Cell  #4,  the  gas  flow  velocity  in  chan¬ 
nel  of  Cell  #3  is  more  than  nine  times  higher  than  that  of 
Cell  #4.  Because  of  the  low  viscosity  of  Fb  and  O2,  there 
were  very  small  pressure  drops  (in  comparison  of  the  am¬ 
bient  pressure)  between  the  inlet  and  outlet  in  Cells  #3  and 
#4.  Thus,  the  gas  pressures  in  both  cells  were  at  the  ambient 
condition. 
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Fig.  6.  Polarization  and  resistance  curves  of  Cells  #3  and  #4,  respectively:  the  operating  conditions  of  the  cells  are  the  same  as  those  in  Fig.  3. 
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Fig.  7.  iR- corrected  performance  curves  of  Cells  #3  and  #4,  respectively:  the  operating  conditions  of  the  cells  are  the  same  as  those  in  Fig.  3. 
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Fig.  8.  Long-term  testing  of  cell  performance  and  resistance  vs.  time  for  Cell  #3:  the  operating  conditions  of  the  cell  are  the  same  as  those  in  Fig.  3. 


In  order  to  determine  the  stability  behavior  of  the  silicon 
wafer  fuel  cell  with  the  Cu/Au  composite  layer  sputtered  as 
the  current  collector.  Cell  #3  was  selected  for  long-term  sta¬ 
bility  assessment.  The  potential  versus  time  measurements 
were  recorded  for  300  h  at  100  mA/cm2  under  ambient  con¬ 
ditions.  During  the  300  h,  some  measurements  of  the  cell  po¬ 
tential  versus  the  current  density  were  taken.  The  results  are 
presented  in  Fig.  8,  where  the  potential  and  resistance  versus 
time  of  the  miniature  fuel  cell  with  H2/O2  is  shown.  The  cell 
was  operated  at  a  current  density  of  100  mA/cm2,  and  the 
potential  was  improved  from  0.654  to  0.760  V  after  lOOh  of 
operation.  One  reason  for  this  improvement  might  be  that 
the  organic  impurities  in  the  cell  components  were  removed 
by  the  oxidation  reaction  at  the  electrodes.  Another  possibil¬ 
ity  was  that  the  hydration  state  of  the  electrolyte  membrane 


became  higher.  Also,  the  active  regions  in  the  catalyst  layer 
were  enlarged  after  lOOh  operation  [21].  Subsequently,  the 
potential  was  constant  at  approximately  0.760  V.  The  bond¬ 
ing  between  the  electrode  and  the  membrane  appeared  to 
be  excellent,  and  no  cracking  or  delamination  was  observed 
after  completing  the  lifetime  test.  The  experimental  results 
show  that  using  the  micro-electronic  fabrication  technique 
to  fabricate  a  miniature  fuel  cell  on  silicon  wafers  is  promis¬ 
ing  for  practical  applications. 

4.  Concluding  remarks 

In  this  paper,  a  miniature  fuel  cell  on  silicon  wafers 
has  been  successfully  fabricated  using  micro-electronic 
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fabrication  techniques  including  photolithography,  dry  and 
wet  etching,  chemical  and  physical  vapor  deposition.  It 
is  found  sputtering  a  Cu/Au  composite  layer  on  the  top 
of  the  silicon  wafer  can  reduce  its  resistance  as  a  current 
collector.  Test  results  indicate  that  the  cell  performance 
is  improved  by  increasing  the  thickness  of  the  compos¬ 
ite  layer  on  the  silicon  wafer.  Furthermore,  the  minia¬ 
ture  silicon  wafer  fuel  cell  with  smaller  size  channels 
gave  better  performance  than  the  state-of-the-art  fuel  cell 
with  larger  size  channels  at  the  diffusion-limiting  current 
region. 
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